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1. Introduction 
Chloroplast FruP,ase is reversibly activated on 
illumination [l] principally by means of a light- 
dependent reduction of Fru-P?a& by thioredoxin [2]. 
In addition, light-driven increases in the stromal pH 
and in the stromal concentrations of Mg2+ and Fru- 
1,6-P, [3,4] are essential for the full activity of the 
reduced enzyme [4]. Fru-Pzase can be activated in 
vitro by incubating the enzyme either with thioredoxin 
reduced by DTT [S] orwithDTTalone [6,7].In both 
cases the full activation of Fru-P,ase in vitro has been 
observed in a time similar to that required in vivo 
only with the additional presence during the activa- 
tion period either of Fru-1,6-P* and Ca2+ [8] or of 
Fru-1,6-P2, Ca2+ and Mg2+ [9]. However, this require- 
ment for Ca2+ is difficult to reconcile both with the 
virtual absence of Ca” from the illuminated chloro- 
plast stroma [lo] and with the strongly inhibitory 
effect of Ca2+ on Fru-P2ase activity [8,11]. 
Here, I report that for the full DTT-dependent 
activation of Fru-P2ase in vitro in a time similar to 
that required in the intact chloroplast there is a require- 
ment during the activation period for Mg2+ and for 
the continuous presence of Fru-1,6-P2 but there is no 
requirement for Ca’+. I have also introduced a new 
method for assaying Fru-P,ase activity, in which the 
Fru-1,6-P? is regenerated uring the assay. 
Abbreviations: DTT, dithiothreitol; Fru-P,ase, fructose 1,6- 
bisphosphatase (EC 3.1.3.11); Fru-1,6-P,, D-fructose 1,6- 
bisphosphate, Frud-P, D-fructose 6-phosphate; PEP, phos- 
phoenolpyruvate; U, enzyme units 
* Permanent address: Istituto Botanic0 dell’universita, Via 
Foria 223, Napoli, Italy 
2. Materials and methods 
All enzymes and other biochemicals were pur- 
chased from Sigma Chemical Co. (Poole). Fru-P2ase 
purified as in [6] modified as in [7] and in both 
untreated and thiol-treated (DTT) form was a gener- 
ous gift from S. A. Charles. 
The activity of chloroplast Fru-P,ase was measured 
from the rate of Fru-6-P formation from Fru-1 ,6-P2. 
This was achieved by two different coupled assay 
procedures. 
2.1. Assay procedure A 
The reaction mixture contained in a total volume 
of 1 ml: 100 mM Tris-HCl (pH 8.0), 30 PM ethylene 
glycol bis-@-aminoethyl ether), 5 mM MgC12, 0.5 mM 
NADP, 0.1 mM Fru-1,6-P?, 50 mM DTT, 5 U phos- 
phoglucose isomerase, and 2 U glucosed-phosphate 
dehydrogenase. The reaction was started by the addi- 
tion of 0.04 I-(g Fru-P,ase. The increased AN0 was fol- 
lowed at 25°C. 
2.2. Assay procedure B 
The reaction mixture contained in a total volume 
of 1 ml: 100 mM Tris-HCl (pH S.O), 30 PM ethylene 
glycol bis-@-aminoethyl ether), 5 mM MgC12, 0.1 mM 
Fru-1,6-P2,0.2 mM ATP, 0.2 mM phosphoenolpyr- 
uvate, 0.2 mM NADH, 50 mM DTT, 10 U lactic 
dehydrogenase, 10 U pyruvic kinase, and 2 U phos- 
phofructokinase. The coupling enzymes were added 
in the order given. After the addition of lactic dehy- 
drogenase there was a small decrease in ANO which 
corresponded to the pyruvate present as a contami- 
nant in the PEP solution, and after the addition-of 
phosphofructokinase and pyruvic kinase there was 
another small decrease in ANO, which corresponded 
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to the ADP present as a contaminant in the ATP solu- 
tion. The reaction was started by the addition of 0.04 
pg Fru-Pzase, and the decreased AHo was followed at 
25°C. When the Am fell below a value corresponding 
at 0.1 mM NADH, further additions of PEP and NADH 
were made so as to bring their concentrations back to 
-0.2 mM each. 
At the concentrations used DTT did not affect 
either coupled assay system. 
3. Results 
Fru-P,ase activity is generally assayed by proce- 
dure A. Here, I describe a new assay procedure, B. 
The advantage of procedure B is that the Fru-1 ,6-PZ 
concentration is kept constant during the assay, thus 
resembling more closely the situation in vivo. 
Similar rates of Fru-P*ase activity were observed 
when similar samples of Fru-P*ase were assayed with 
the two assay procedures (table 1). As observed in 
[7], the activated form of the enzyme (thiol-treated) 
gives a high activity even at low Fru-1,6-P, concentra- 
tions, while the inactive form (untreated) gives a high 
activity only when high concentrations of Fru-1 ,6-PZ 
and Mg2+ are present (table 1). PEP was added at 
0.2 mM in assay procedure B because higher concen- 
trations inhibited to a slight, but significant, extent 
the Fru-P2ase activity observed at low Fru-I ,6-P* 
concentrations (table 1). Results similar to those in 
Table 1 
Comparison between two assay procedures for the purified 
chloroplast Fru-P,ase (pm01 min-’ . mg protein-‘) 
Form of Additions Assay procedure 
Fru-P,ase 
A B 
Untreated - 0 0 
Fru-1,6-P, 2.5 mM + 
MgCl, 5 mM 132 135 
Thiol-treated - 141 145 
Fru-1,6-P, 1 mM 165 165 
PEP 0.8 mM 129 125 
PEP 0.8 mM + 
Fru-1,6-P, 1 mM 16.5 165 
Fru-P,ase, either as the untreated or as the thiol-treated 
enzyme, was added to the reaction media of assay proce- 
dures A and B as in section 2 except that DTT was omitted, 
and the FIX-1 ,6-P,, MgCI, and PEP concentrations were 
raised by the additions indicated 
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table 1 for the purified enzyme were obtained with 
a crude chloroplast extract that had been passed 
through a Sephadex G-25 column. 
Fig.1 shows the time course of Fru-P,ase activity 
measured using the inactive (untreated) form of the 
enzyme in the presence of low, physiological concen- 
trations of Fru-1 ,6-PZ and Mg2+ and with DTT pres- 
ent as reductant to substitute for the light-driven 
reduction experienced by Fru-P2ase in vivo. The 
increasing activity observed with time over the first 
few minutes (fig.1) represents the activation of Fru- 
P2ase by DTT. The maximum rate was attained after 
only 15 min, yet is comparable with the rates mea- 
sured under similar conditions (table 1) with a similar 
Fig.1. Time course of Fru-P,ase activity showing the DTT- 
dependent activation. Either assay procedure A or B was 
used as indicated, with untreated purified Fru-P,ase added to 
start the reactions: 0.04 c(g (a); 0.08 pg (b). The arrows indi- 
cate the addition of Fru-1,6-P,, 50 MM in (a) and 100 PM in 
(b). The rates of Fru-P,ase activity are given alongside the 
traces, expressed as Mmol Frud-P formed. min-’ mg pro- 
tein-‘. To facilitate comparison, the traces obtained with 
the two assay procedures A and B are presented so as to give 
aA&, in the same direction, although A gave an increased 
and B a decreased A A,,. 
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Fru-P,ase preparation pretreated with DTT for 24 h 
[7]. Fig.la shows that assay procedures A and B gave 
similar enzyme activities provided that, in assay pro- 
cedure A, Fru-1,6-P, was replenished when it reached 
-0.05 mM. When the Fru-1,6-P, was not replenished, 
enzyme activity declined until all the Fru-1 ,6-PZ had 
been consumed. The unexpected consequence of this 
was that even if Fru-1,6-P, was subsequently returned 
to the reaction mixture full enzyme activity was not 
restored. It may be concluded from the results of 
fig.la that it is possible to activate fully the Fru-P*ase 
with DTT in a very short time so that it shows high 
activity at low concentrations of Fru-1 ,6-P2 and Mg’+, 
provided that the Fru-1 ,6-Pz is always present during 
activation and subsequently does not fall below a 
mininal concentration. This is further illustrated in 
fig.1 b where in assay procedure A an increased Fru- 
Pzase concentration has consumed all of the Fru- 
1,6-P, before the Fru-P,ase had become fully acti- 
vated, and therefore before the maximum rate had 
been attained. A subsequent addition of Fru-1,6-P, 
did not allow the maximum rate to be attained 
(fig. 1 b). By contrast in the new assay procedure B 
the requirement for a continued presence of Fru- 
1 ,6-PZ for the full activation of Fru-Pzase is met auto- 
matically by the enzymatic regeneration of Fru-I ,6-PZ 
from F-6-P. 
With both assay procedures A and B the higher the 
concentration of Fru-I ,6-P, included in the reaction 
mixture the greater was the degree of activation and 
the shorter was the activation period (fig.2). When 
assay procedure B was used the Fru-1,6-P, concen- 
tration was kept constant during the assay period, 
but when assay procedure A was used the Fru-1 ,6-Pz 
concentration declined continuously during the assay, 
and thus it was necessary to add Fru-1 ,6-PZ periodi- 
cally in order to maintain enzyme activity (tig.2). 
These additions were made whenever the Fru-1,6-P* 
reached 0.05 mM. When 0.2 mM Fru-1,6-P* was pres- 
ent initially, and,assay procedure A was used, [Fru- 
1 ,6-PZ] fell from 0.2-0.05 mM, but the rate mea- 
sured after activation was completed was always 
higher than the maximum rate measured when 0.1 
mM Fru-1 ,6-Pz was present throughout the assay 
period (assay procedure B) (tig.2). Thus the higher 
rates observed with the higher Fru-1,6-P* concentra- 
tions initially present are attributable to an effect of 
Fru-1 ,6-Pz on the activation process itself rather than 
to a direct effect on the catalytic activity of the Fru- 
Pzase. 
1mM 
j”O.2 mM 
M 
Fig.2. Effect of Fru-1,6-P, concentration on the activation of 
Fru-P,ase. Either assay procedure A (-) or B (---) was 
used with the initial Fru-1,6-P, concentration indicated. The 
arrows indicate the addition of 50 nM FIU-1,6-P, (assay pro- 
cedure A only). The rates of the Fru-P,ase activity are given 
alongside the traces, expressed as pmol min-’ . mg protein-‘. 
As in fig.1 the traces are presented to give a A A,,, in the 
same direction. 
4. Discussion 
The main advantage of the new assay procedure 
for measuring Fru-Pzase is that the Fru-1,6-P* is 
maintained at a constant steady-state level by contin- 
uous regeneration so that the activation process can 
be followed easily and that measurements at low Fru- 
1 ,6-Pz concentrations are facilitated. Here, only the 
purified chloroplast Fru-Pzase has been used, although 
the new assay procedure has obvious advantages in 
the study of the purified Fru-P,ase from animal tissues 
and from plant cytosol, where Fru-1,6-P* is an inhib- 
itor [12]. 
The main conclusion to be drawn from these results 
is that for the full DTT-dependent activation of the 
purified chloroplast Fru-Pzase in a time similar to 
that required in the intact chloroplast [l] the orrIy 
requirement during the activation period is for the 
presence of Mg2+ and Fru-1 ,6-P2 at concentrations 
similar to those present in the chloroplast stroma [X,4]. 
153 
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On illumination the Fru-I ,6-P* concentration in 
the chloroplast stroma increases from <O.l mM to 
-0.4 mM [3]. The present results (fig.2) show that in 
vitro this increase in [Fru-1,6-P,] approximately 
halves the activation time and doubles the maximum 
rate. They also show that while [Fru-1 ,6-PZ] remains 
at a.05 mM the maximum rate is maintained, but 
when Fru-1,6-P, is further depleted the Fru-P,ase 
becomes partially deactivated. This sensitivity of 
purified Fru-P*ase to the Fru-1,6-P* level in vitro 
indicates that Fru-1,6-P, has a modulating role on the 
activity of the enzyme in vivo, thus the Fru-Passe 
would become to some extent selfregulating. 
The light-dependent activation of Fru-Pzase in iso- 
lated intact chloroplasts is greatly inhibited by the 
inclusion of a high concentration of Pi in the suspend- 
ingmedium [9,13,14].Thiseffect,ascribed toageneral 
loss of intermediates of the Calvin cycle from the 
stroma via the phosphate carrier in [ 141, can now be 
explained more specifically in terms of a depletion of 
stromal Fru-1,6-P* [ 151. 
Here enzyme activation and enzyme activity have 
been allowed to occur simultaneously, whereas Fru- 
Passe had been incubated under a variety of condi- 
tions for activation, then a sample taken and added to 
the assay medium in [S-9]. The use of this preincu- 
bation period has helped to obscure the requirement 
for both Fru-1,6-Pa and Mg2+ for a rapid activation 
since the Fru-1,6-P, in the preincubation medium 
soon became depleted, and consequently the enzyme 
became partially deactivated (see fig.1). The require- 
ment for Ca’+ during preincubation noted in [8,9] 
can now be explained. When Mg2’ and Fru-1 ,6-P2 
were present in the preincubation mixture [9] Ca2+ 
would have inhibited the Fru-P,ase activity [l l] so as 
to prevent depletion of Fru-1,6-Pa and the consequent 
deactivation of the enzyme. When Fru-1 ,6-P2 was 
present in, but Mg2+ absent from, the preincubation 
mixture [g] Ca2+ would have substituted for Mg2+ as 
a divalent cation cofactor for activation without per- 
mitting an activity that would have depleted the Fru- 
1,6-P2 present. 
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